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a b s t r a c t
Aqueous extracts from wood biotreated with the white-rot fungus Ceriporiopsis subvermispora were
evaluated for their Fe3þ- and Cu2þ-reducing activities and their anti- or prooxidant properties in Fenton-
like reactions to decolorize the recalcitrant dye Azure B. The decolorization of Azure B was strongly
inhibited in the presence of 10% (v/v) wood extracts. Only 0.1% (v/v)-diluted extracts provided some
enhancement of the Azure B decolorization. The iron-containing reactions decolorized more Azure B and
consumed substantially more H2O2 than the reactions containing copper. This study demonstrates that
water-soluble wood phenols exert anti- or prooxidant effects that depend on their concentration in the
reactions and on the type of cation, Fe3þ or Cu2þ, used to convert H2O2 to OH radicals.
Crown Copyright  2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Phenolic compounds, such as dihydroxybenzenes (DHB), have
been used to increase the degradation of recalcitrant substances,
such as tribromophenol (Contreras et al., 2009), the surfactant
sodium dodecyldiphenyloxide disulfonate (Zanta et al., 2010),
ethylenediaminetetraacetic acid (Oviedo et al., 2003), dyes (Goodell
et al., 2004; Aguiar and Ferraz, 2007; Arantes and Milagres, 2007),
chlorophenols (Rodríguez et al., 1999), and pulp mill efﬂuents
(Rodríguez et al., 1999; Arantes and Milagres, 2007) by the Fenton
reaction (Fe2þ þ H2O2/ Fe3þ þ OH þ OH). The DHB regenerate
Fe2þ ions and result in the formation of OH radicals in a more
intense and continuous manner than the classical Fenton reaction
(Rodríguez et al., 1999; Qian et al., 2004; Contreras et al., 2007).
These phenols are oxidized to their respective semiquinones by
a one-step electron transfer, which reduces Fe3þ to Fe2þ. In a second
step, the semiquinone is oxidized to quinone either by another Fe3þ
or by O2, which is reduced to the superoxide radical (O2) (Henry,
2003; Aguiar et al., 2007). Because Cuþ decomposes H2O2 to form
hydroxyl radical, copper has also been used for this purpose (Verma
et al., 2004; Aguiar and Ferraz, 2007; Arantes and Milagres, 2007;
Valenzuela et al., 2008).
The phenol-mediated Fenton reaction presumably occurs
during the biodegradation of thewood by brown-rot fungi. Because
the fungal enzymes are too large to penetrate thewood pores in the
early stages of colonization, these fungi employ OH radicals to
initiate the degradation of the plant cell wall (Goodell, 2003; Aguiar
and Ferraz, 2011). Hydroxyl radicals have also been detected in
cultures of some white-rot fungi (Tornberg and Olsson, 2002).
Iron is found in wood in insoluble and oxidized forms. To prop-
agate the Fenton reaction, it is necessary to produce chelating
agents to solubilize and reduce the iron. Oxalic acid is a strong iron
chelator that is produced bymany fungi, but it does not reduce Fe3þ
(Henry, 2003; Aguiar and Ferraz, 2007). The Fe3þ-reducing activity
in fungal cultures has been attributed to the enzyme cellobiose
dehydrogenase and to low molecular mass glycopeptides and
phenols (Goodell, 2003; Aguiar and Ferraz, 2011). Of the structurally
known Fe3þ reducers, 2,5-dimethoxyhydroquinone and 4,5-
dimethoxycatechol were found in submerged cultures of the
brown-rot fungus Gloeophyllum trabeum (Kerem et al., 1999;
Paszczynski et al., 1999). Recently, pyrogallol and catechol were
identiﬁed in submerged cultures of thewhite-rot fungus Pereniporia
medula-panis, whereas the brown-rot fungus Wolﬁporia cocos
produced pyrogallol, 3-methylcatechol and 4-hydroxycinnamic
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acid. Filtrates of both fungal cultures exhibited Fe3þ-reducing
activity and stimulated the degradation of wood polysaccharides
and lignin by the Fenton reaction (Arantes et al., 2011). The 3-
hydroxyanthranilic acid produced by the white-rot fungus Picno-
porus cinnabarinus (Eggert et al., 1996) also is a Fe3þ-reducing
phenol and demonstrated a prooxidant effect on the Azure B dye
decolorization by Fenton-like reactions (Aguiar and Ferraz, 2007).
The complete role of the Fe3þ-reducing compounds in the
white-rot cultures is not completely understood, but several
ﬁltrates from biotreated lignocellulosic materials have demon-
strated Fe3þ-reducing activity (Ferraz et al., 2001; Aguiar et al.,
2006; Elissetche et al., 2006; Goodell et al., 2006; Aguiar and
Ferraz, 2008; Xu et al., 2009; Horta et al., 2011). In the partic-
ular case of the white-rot fungus Ceriporiopsis subvermispora, the
Fe3þ-reducing activity could be involved in the lignin degradation
during the early stages of wood colonization (Horta et al., 2011).
This is a relevant subject because C. subvermispora is one of the
most promising biopulping fungi owing to its selectivity for lignin
degradation where Fenton reaction seems to be avoided (Enoki
et al., 2002; Aguiar et al., 2006). A number of studies
have attributed lipid peroxidation initiated by manganese
peroxidase (MnP) as the main source of free radicals used by this
fungus to initiate lignin degradation (Kapich et al., 1999; Cunha
et al., 2010). Several metallic ions and OH radicals can also
initiate lipid peroxidation (Spiteller, 2006). Recently, it was shown
that the Fe3þ-reducing activity of aqueous extracts from the
biodegradation of Eucalyptus grandis by C. subvermispora caused
peroxidation of an unsaturated fatty acid (independent of H2O2)
and degraded lignin in the lignocellulosic complex (Horta et al.,
2011). These ﬁndings suggested that the Fe3þ-reducing
compounds released by C. subvermispora were mostly involved in
lignin degradation.
In a previous work, synthetic phenolic compounds were eval-
uated to assist Azure B degradation during the Fenton reaction
(Aguiar and Ferraz, 2007). Azure B is a recalcitrant dye that is
degraded by lignin peroxidase (LiP) but not by MnP. On the other
hand, MnP is the main oxidative enzyme detected in cultures of
C. subvermispora on wood (Aguiar and Ferraz, 2008; 2012; Cunha
et al., 2010). In the present study, aqueous extracts recovered
from Pinus taeda biotreated with C. subvermispora were evaluated
for the Fe3þ- and Cu2þ-reducing activities and for their ability to
assist the decolorization of Azure B during Fenton-like reactions.
2. Materials and methods
2.1. Chemicals
Reagents were obtained as follows and were used without
further puriﬁcation: Azure B (Fig. 1) from SigmaeAldrich Chemical
Co. (Milwaukee WI, USA); catechol from Fluka Chemie (Buchs,
Switzerland); oxalic acid, CuCl2$2H2O and FeCl3$6H2O from Merck
(Darmstadt FR, Germany); H2O2 (30% m/m) and yeast extract from
Vetec (Rio de Janeiro, Brazil); agar and malt extract from Oxoid
(London, England); and ferrozine from Acros (New Jersey, USA).
Other reagents were of analytical grade from diverse suppliers.
2.2. Wood biodegradation
The C. subvermispora (Pilat) Gilbn. & Ryv. (L14807 strain SS-3)
cultures were provided by Dr. Masood Akthar (Biopulping Inter-
national, Inc., WI) and were maintained at 4 C on 20 g l1 malt
extract, 2 g l1 yeast extract and 20 g l1 agar. The P. taeda wood
chips (2.5 cm  1.8 cm  0.2 cm) were obtained from a log cut from
a 28-year-old tree (furnished by the National Park of Campos do
Jordão, SP, Brazil) and were inoculated with a mycelium suspension
using previously described procedures (Aguiar and Ferraz, 2008).
Erlenmeyer ﬂasks were loaded with 45 g of wood chips and 4.5 mg
of blended mycelia (100 mg kg1 based on the dried weight). After
inoculation, the 2-l ﬂasks were shaken by hand and were stored at
27 C for 1, 2 or 4 weeks. For each biodegradation period, three
ﬂasks were inoculated for a total of nine separate cultures. One set
of wood chips was sterilized and was not inoculated to serve as
a control for the experiments. The biotreated and untreated wood
chips were extracted with 300 ml bi-distilled water (pH 7.0) at
25 C and 120 rpm for 48 h (Aguiar et al., 2006). The aqueous
extracts from three independent cultures were 0.45 mm-ﬁltered
and were combined for the determination of oxalic acid, total
catechols, Fe3þ- and Cu2þ-reducing activities and evaluated in
reactions for the decolorization of Azure B. The lignin contents in
wood samples were determined by acid hydrolysis according to
Ferraz et al. (2000). Lignin loss was calculated on the basis of wood
composition of untreated or biotreated wood chips.
2.3. Characterization of the aqueous extracts
The assays for the reduction of Fe3þ and Cu2þ ions were per-
formed in 1 ml quartz cuvettes containing 375 ml of aqueous
extract, 400 ml of 50 mmol l1 sodium acetate buffer at pH 4.5,
200 ml of 1% (m/v) ferrozine sodium salt (or 1% m/v neocuproine
hydrochloride), and 25 ml of 8 mmol l1 freshly prepared
FeCl3$6H2O (or CuCl2$2H2O). The concentrations of Fe2þ and Cuþ
ions were quantiﬁed bymeasuring the formation of ferrozineeFe2þ
(ε562 nm ¼ 27,900 mol1 l cm1; Stookey, 1970) and
neocuproineeCuþ (ε454 nm ¼ 7950 mol1 l cm1; Smith and
McCardy, 1954) complexes. The reactions were monitored on
a GBC-Cintra 20 UV/visible spectrophotometer for 30 min at room
temperature. The reference cell in the spectrophotometer con-
tained all the reagents except the aqueous extracts and the ferro-
zine (or neocuproine). Small amounts of Fe3þ were reduced and
were complexed by ferrozine in a control reaction in the absence of
the aqueous extracts. These small amounts were subtracted from
the amounts of Fe3þ that were reduced by the aqueous extracts.
The Fe3þ-reducing activity was also determined adding ferro-
zine after the Fe3þ reduction. For this procedure, 375 ml of aqueous
extract wasmixedwith 330 ml of 50mmol l1 sodium acetate buffer
at pH 4.5 and 25 ml of 8mmol l1 freshly prepared FeCl3$6H2O. After
30 min, 70 ml of 1% (m/v) NaF was added to stop the Fe3þ reduction
and 200 ml of 1% (m/v) ferrozine was added to complex the Fe2þ
ions. Assays of Fe3þ-reducing activities were also performed in the
presence of 0.01e1 mmol l1 oxalic acid. For this, 275 ml of aqueous
extract was reacted with 25 ml of 8 mmol l1 Fe3þ, 100 ml of oxalic
acid solution, and 330 ml of 50mmol l1 sodium acetate buffer at pH
4.5; after 30 min 70 ml of 1% (m/v) NaF and 200 ml of 1% (m/v)
ferrozine were added.
The total catechol compounds were determined using the
Arnow test (Arnow, 1937) with modiﬁcations. For this procedure,
500 ml of aqueous extract was mixed with 500 ml of 0.5 mol l1 HCl,
followed by 500 ml of 10% (m/v) NaMoO4 and 10% (m/v) NaNO2 and
ﬁnally 500 ml of 1 mol l1 NaOH. The analysis was monitored at
510 nm and catechol (1,2-dihydroxybenzene) was used as the
standard for quantiﬁcation. The reference cell in the
N
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Fig. 1. Chemical structure of the Azure B dye.
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spectrophotometer contained water instead of the sample. The
absorbance values of the solutions containing all the reagents
except the NaMoO4 and NaNO2 were subtracted from values ob-
tained for the entire reaction mixture.
For the detection of oxalic acid (by high-performance liquid
chromatography), ﬁrstly the extracts were cleaned up using 10 g l1
active charcoal at 25 C, 120 rpm for 2 h to remove interfering
compounds (Aguiar et al., 2006). The mixtures were centrifuged
(3400 g at 10 C for 15 min) and were passed through a 0.45 mm
ﬁlter. The ﬁltrates were injected into a 300 mm  7.8 mm HPX-87H
BIORAD column and were eluted with 8 mmol l1 H2SO4 at
0.6 ml min1 (Aguiar et al., 2006).
2.4. Azure B decolorization by Fenton-like reactions
The Azure B decolorization in the Fe3þ-containing reactions was
performed in 1 ml quartz cuvettes containing 10%, 1% or 0.1% (v/v)
aqueous extract, 30 mmol l1 Azure B, 450 mmol l1 H2O2,
30 mmol l1 freshly prepared FeCl3$6H2O, and 1 mmol l1 H2SO4
(pH 2e3). Duplicate reactions were performed in the dark andwere
monitored by recording the UV/visible spectra (200e700 nm) at 5,
10, 20, 40 and 60 min intervals. In the Cu2þ-containing reactions,
the cuvettes contained 10%, 1% or 0.1% (v/v) aqueous extract,
30 mmol l1 Azure B, 1.5 mmol l1 H2O2, 100 mmol l1 CuCl2$2H2O,
and 1mmol l1 H2SO4. For all the assays, the ion solutions (Fe or Cu)
were added last to the mixture to initiate the reaction. The decol-
orization values reported in the text refer to the integral areas
under the visible region of the spectra (400e700 nm). The refer-
ence cell in the spectrophotometer contained all the reagents
except the Azure B and the Fe3þ (or Cu2þ) solutions. Control reac-
tions that did not contain the aqueous extracts were also evaluated
in both cases.
The residual H2O2 in the reactions was quantiﬁed using NH4VO3
at 450 nm (Nogueira et al., 2005). The reaction mixture (1 ml) was
treated with 1 ml of 1.24 g l1 NH4VO3 dissolved in 1.92% (v/v)
H2SO4. The reference cell in the spectrophotometer contained
water instead of the sample. The absorbance values of the solutions
containing all the reagents except the NH4VO3 were subtracted
from values obtained for the entire reaction mixture.
3. Results and discussion
3.1. Fe3þ and Cu2þ reduction by aqueous extracts recovered from
biotreated wood
The P. taedawood chips were treated with the white-rot fungus
C. subvermispora under conditions of solid-state fermentation. The
lignin losses observed after 1, 2 and 4 weeks of cultivation were
0.60  0.03%, 3.0  0.3%, and 12.3  0.7% m/m, respectively.
Because the lignin loss refers to its solubilization and/or its
mineralization, the former may reﬂect the accumulation of
phenolic compounds in biotreated wood as a function of the
cultivation time. The water-soluble phenols were recovered from
the biotreatedwood chips and evaluated according to their capacity
to reduce Fe3þ and Cu2þ ions and to the ability to act as Fenton-
driven reagents.
The Fe3þ- and Cu2þ-reducing activities detected in the wood
extracts are shown in Fig. 2. The Fe3þ-reducing activities of similar
extracts were determined in a previous work (Aguiar et al., 2006)
using a reaction procedure in which the Fe2þ accumulation was
measured by the traditional ferrozineeFe2þ complexation assay
(Stookey,1970). This assay uses the ferrozine reagent directly added
to the reaction medium. Usually, this procedure can overestimate
the Fe3þ-reducing activities because the ferrozine reagent strongly
displaces the reaction equilibrium to accumulate Fe2þ ions (Horta
et al., 2011). In the present work, we have compared two
different procedures to measure the Fe3þ-reducing activity of the
extracts. The ﬁrst one was the traditional procedure where the
ferrozine reagent was added directly into the reaction medium, as
already reported (Aguiar et al., 2006). The other procedure was
performed in such a way that the water-soluble phenols ﬁrstly
reacted with a freshly prepared Fe3þ solution and, at ﬁxed periods,
the reactionwas stopped by addition of a NaF solution and then the
ferrozine reagent was added. This procedure avoids overestimation
of the Fe3þ-reducing activities in the extracts.
When the reactionwas carried out with ferrozine added directly
into the reaction medium, the aqueous extract recovered from the
untreated wood promoted a high Fe3þ reduction in few seconds of
reaction that a 10-fold dilution of the extract was required to
provide reliable absorbance data and to enable the determination
of the Fe2þ concentration. Furthermore, a more appropriate
comparison of the extracts was obtained when all the extracts were
diluted. Indeed, Fig. 2a shows that the Fe3þ-reducing activities
measured in a reaction medium containing ferrozine were higher
(considering 10-fold dilution) than those observed in the reaction
performed without ferrozine. Despite the Fe3þ-reducing activities
differed in both measuring procedures, the behavior of these
activities followed a similar trend along biodegradation. The main
difference was detected in the aqueous extracts recovered from the
untreated wood that showed high Fe3þ-reducing activity only
when the traditional complexation procedurewas employed. Along
biodegradation, the Fe3þ-reducing activity decreased after 1 week
of cultivation, increasing afterward. A similar pattern was observed
for Cu2þ reduction (Fig. 2b). Xu et al. (2009) also observed similar
patterns for Fe3þ-reducing activities studying corn stover treat-
ment with the white-rot fungus Irpex lacteus. For E. grandis hard-
wood, the Fe3þ-reducing activity of the untreatedwood extract was
lower than that of aqueous extracts recovered from the wood
biotreated with C. subvermispora (Horta et al., 2011). For acetone-
extracted Drimis winteri hardwood, no Fe3þ-reducing activity was
detected in the untreated wood extract, but Fe3þ-reducing activity
was observed from the ﬁrst week of biodegradationwith thewhite-
rot fungus Ganoderma australe (Elissetche et al., 2006). These data
demonstrate that the level and composition of the extractives
commonly present in each untreated lignocellulosic material
inﬂuence the intensity of the Fe3þ-reducing activity.
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Fig. 2. Fe3þ (a) and Cu2þ (b) reduction performed by aqueous extracts recovered from
P. taeda treated with C. subvermispora. In the Fe3þ reduction reactions two different
procedures were employed. The full line shows data for the reaction carried out with
the ferrozine reagent into the reduction reaction medium (considering 10-fold dilution
for all the extracts). Dashed line shows data for the reaction carried out without the
ferrozine reagent into the reduction reaction medium. Error bars indicate deviations
from the average values in duplicate experiments.
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The Fe3þ-reducing activity found in untreated wood aqueous
extracts can be attributed to extractives such as catechols (Aguiar
et al., 2006). C. subvermispora has proved to degrade the extrac-
tive components in wood (Gutiérrez et al., 2002) which could
explain the initial decrease in the Fe3þ-reducing activities. In fact,
the total catechols in the extracts were shown to be totally
degraded after the ﬁrst week of cultivation (Table 1). With pro-
longed culturing, some lignin degradation products, especially
guaiacol (2-methoxyphenol) derivatives and catechols, can accu-
mulate in the biotreated wood extracts, causing the increased Fe3þ-
reducing activity shown in Fig. 2. The catechol structures could
result from demethoxylation of lignin fragments caused by the
action of hydroxyl radicals (Arantes et al., 2011).
The aqueous extracts also presented increasingly concentrations
of oxalic acid along biodegradation periods (Table 1). Because
oxalate can affect the availability of the iron ions in solution and the
Fe3þ-reducing activities (Varela and Tien, 2003; Aguiar and Ferraz,
2007; Arantes et al., 2011), the aqueous extract recovered from 4-
week biotreated wood was assayed for Fe3þ reduction at pH 4.5
in the presence of increasing concentrations of oxalate. The Fe2þ
complexation procedure in which the ferrozine reagent was added
after the reduction reaction was employed in this study and
demonstrated that 0.5 mmol l1 oxalate inhibited the Fe3þ-
reducing activity by 66%, whereas 1 mmol l1 oxalate (the physi-
ological concentration of oxalate in submerged cultures of
C. subvermispora; Aguiar et al., 2006) completely inhibited the
reduction activity (Fig. 3). It is well known that high concentrations
of oxalic acid form highly stable Feeoxalate complexes (Varela and
Tien, 2003; Arantes et al., 2011). Therefore, the secretion of oxalic
acid by the fungus as shown in Table 1 can affect the Fe3þ-reducing
activities of the aqueous extracts as conﬁrmed in Fig. 3.
3.2. Azure B decolorization
Considering that C. subvermispora and other white-rot fungi
produces H2O2 when growing on wood (Koenigs, 1974; Aguiar and
Ferraz, 2008), it is relevant to evaluate if the Fe2þ provided by the
Fe3þ-reducing activities could react with H2O2, enhancing the
Fenton reaction as previously reported for synthetic DHB
(Rodríguez et al., 1999; Contreras et al., 2007; Aguiar and Ferraz,
2007). The question to be evaluated was whether the soluble
phenols present in the wood extracts act as prooxidant (enhancing
the Fenton reaction) or as antioxidant (trapping OH radical formed
during Fenton reaction). To address this question the aqueous
extracts recovered from untreated and biotreated wood were
added to the reaction media where the Azure B dye was under
degradation by Fenton reagents. Previous studies evaluating
oxidative enzymes produced by C. subvermispora showed that they
were unable to degrade Azure B (Aguiar and Ferraz, 2008; 2012),
suggesting that the degradation of the dye in the present study was
not catalyzed by enzymes. The concentrations of the reagents were
previously optimized to achieve high Azure B decolorization
without causing Fe3þ precipitation (Aguiar and Ferraz, 2007).
In the absence of the aqueous extracts, the mixture of Fe3þ and
H2O2 decolorized Azure B (80% at 40 min reaction) because H2O2
also reduces Fe3þ (Fe3þ þ H2O2 / Fe2þ þ HO2C þ Hþ) and the
Fenton reagents are produced in situ. However, the generation of
OH radicals using Fe3þ is slower than using Fe2þ (Aguiar et al.,
2007). For similar reactions using Cu2þ ions (instead of Fe3þ) and
H2O2, only 20% decolorization of Azure B was observed after 60min
of reaction (Fig. 4).
When the same reactions mentioned before were performed in
the presence of the 10% (v/v) extracts, a strong inhibition in the
decolorization of the dye was observed, either for Fe3þ- or Cu2þ-
containing reactions (Fig. 4). These results indicate that despite
presenting high metaleion reducing activities, the phenolic
extracts compete with the dye by reacting with the OH radicals or
they strongly chelate Fe3þ or Cu2þ, preventing the reaction of the
cations with H2O2. Thus, the aqueous extracts acted as antioxidants
during the Fenton-induced decolorization of Azure B. The chelation
of Fe3þ was evident because the consumption of H2O2 in these
reactions was lower than that observed in the assays without the
extracts and in the assays containing 1%- or 0.1% (v/v)-diluted
extracts (Table 2). In the presence of the aqueous extracts diluted to
1% (v/v), the decolorization of Azure B by Fe3þ and H2O2was slowed
during the ﬁrst periods of reaction; however, after 60 min, the
decolorization levels reached similar values as observed for the
reaction carried out without the aqueous extracts. For the Cu2þ-
containing reactions, the decolorization of the dye was still
inhibited as already observed for the 10% (v/v)-diluted extracts
(Fig. 4).
Azure B decolorization levels higher than those detected in the
pure Fenton reactions were observed only when the extracts were
diluted to 0.1% (v/v) (Fig. 4). In the Fe3þ-containing reactions, this
increase was limited to 6% probably because the Fenton reaction
without the extracts already reached a plateau at high decoloriza-
tion levels of 81%. In this case, there was no signiﬁcant difference
among extracts recovered from untreated or biotreated wood
samples. For the Cu2þ-containing reactions, the addition of the 0.1%
(v/v)-diluted extract recovered from the untreated wood increased
the decolorization efﬁciency from 20% to 35% as shown in Fig. 4.
This extract presented high Cu2þ-reducing activity (Fig. 2b). The
consumption of H2O2 in the reactions with the 0.1% (v/v)-diluted
extracts did not varied among samples but were slightly higher
Table 1
Total catechols and oxalic acid detected in aqueous extracts recovered from P. taeda
wood treated with C. subvermispora.
Control (untreated) Biotreated wood (weeks)
1 2 4
Total catechol
(mmol l1 extract)
38  1 0 0 4.2  0.9
Oxalic acid
(mmol l1 extract)
36  1 70  1 190  4 446  2
Deviations from the average values are based on duplicate experiments.
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Fig. 3. Concentrations of Fe2þ ions after incubation of freshly prepared Fe3þ solutions
with the aqueous extracts recovered from the 4-week biotreated wood in the presence
of increasingly concentrations of oxalic acid. The reduction was performed without
ferrozine into the reaction medium. Error bars indicate deviations from the average
values in duplicate experiments.
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than that observed for the pure Fenton reaction systems (Table 2),
matching with more dye decolorization observed in some of these
reactions.
The effect of the aqueous extracts on the Fenton-induced
degradation of Azure B was also evaluated in the presence of Fe
ions from an aged Fe3þ solution because this suspension contained
insoluble FeO(OH) complexes that would predominate in wood
(Henry, 2003). The reaction with aged Fe3þ solution caused a very
low level of decolorization of the dye (less than 8%) and the
consumption of H2O2 remained low (30e60 mmol l1).
The present study corroborates that Fe3þ solubilization and
reduction appears to be a critical event in the initial steps of wood
biodegradation, when the wood-degrading enzymes are not able to
penetrate the wood cell walls (Goodell, 2003; Aguiar and Ferraz,
2011). Several compounds contained in the wood extractive frac-
tion reduce Fe3þ. Moreover, with the progress of wood decay, some
lignin degradation products are released and act as metallic ion
reducers (Aguiar et al., 2006; Elissetche et al., 2006; Goodell et al.,
2006; Aguiar and Ferraz, 2008; Horta et al., 2011). For example, the
biodeligniﬁcation proved to be responsible for the enhancement of
the antioxidant potential of agricultural residues (Lateef et al.,
2008; Ajila et al., 2011). Recently, Arora et al. (2011) observed that
ﬁve white-rot fungi (including C. subvermispora) selectively
degraded lignin and increased the total soluble phenol contents of
the biotreated material as a function of the cultivation time. This
transformation was related with the enhanced antioxidant prop-
erties of the biotreated wheat straw. Therefore, the data obtained in
the present work corroborate that the compounds present in the
wood extracts can exhibited antioxidant properties depending on
their concentrations. In fact, only when the wood extracts were
diluted to 0.1% (v/v) they acted as Fenton-driven reagents as
previously reported for synthetic DHB (Contreras et al., 2007;
Rodríguez et al., 1999; Aguiar and Ferraz, 2007).
Other relevant ﬁnding of the present work was that the oxalic
acid present in the extracts (40e450 mmol l1 as shown in Table 1)
also inhibits the metal ion reduction. This is a similar effect to that
reported for alkylitaconic acids, which are also produced by
C. subvermispora, as shown by Enoki et al. (2002).
4. Conclusions
This study demonstrates that water-soluble phenols recovered
from untreated or C. subvermispora-biotreated P. taeda wood can
exert anti- or prooxidant effects depending on their concentration
in the reactions as well as on the cations (Fe3þ or Cu2þ) used to
decompose H2O2. Until now, the studies applying phenolic
compounds as promoters of the Fenton reaction (with implications
for wood biodegradation) have used synthetic compounds assayed
in pure reaction systems. The data presented here show that
phenol-containing aqueous extracts from wood can be used either
to stimulate or inhibit the degradation of a recalcitrant dye.
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